A series of manganese oxides (MnO, MnO 2 , Mn 2 O 3 and Mn 3 O 4 ) were synthesized and tested in heterogeneous activation of peroxymonosulfate (PMS) for phenol degradation in aqueous solutions. 
Introduction
Over the last decades, water treatment plays an important role in our lives, because of fresh water crisis and the increasing awareness of human health and ecological systems as a result of industrial waste pollution. Industrial activities generate large amounts of organic hazardous substances discharged into the environment. The organic wastes can be found in many industries as byproducts such as petroleum refining, petrochemical, pharmaceutical, plastic, pesticides, chemical industries, agrochemicals, and pulp and paper industries [1, 2] . The organic pollutants e.g. phenol, are toxic and cause considerable damage and threat to the ecosystem in water bodies and to the human health even at low concentrations [3] . It is important to dispose of wastewater in a proper way in order to comply with environmental regulations. However, the organics in wastewaters from chemical and related industries cannot be well treated by conventional processes due to degradation of these pollutants being very slow or ineffective and not environmentally compatible [4, 5] . The most promising method for degradation of organic pollutants in wastewater is advanced oxidation processes (AOPs). AOPs are based on generation and utilization of reactive species, such as hydroxyl radicals (HO•) that have a high standard oxidation potential and react none selectively [6, 7] . Heterogeneous catalytic oxidation systems have recently attracted much interest due to easily recovery and reuse of the catalysts [8] .
Lately, manganese oxides , such as MnO, MnO 2 , Mn 2 O 3 and Mn 3 O 4 , have attracted much attention due to their physical and chemical properties for being used as catalysts, adsorbents, supercapacitors, and battery materials [9] [10] [11] [12] [13] [14] [15] . Kim and Shim [16] have conducted a study on the catalytic combustion of aromatic hydrocarbons (benzene and toluene) on manganese oxides. The results indicated that the catalysts showed high activity in the oxidation of hydrocarbons at temperatures below 300 o C. Furthermore, the reactivity of catalysts exhibited an order of Mn 3 O 4 > Mn 2 O 3 > MnO 2 , which was correlated with oxygen mobility on the catalysts. Ramesh et al. [17] have studied CO oxidation over a series of manganese oxide catalysts and found that Mn 2 O 3 is the best catalyst, with the sequence of catalytic activity as MnO ≤ MnO 2 < Mn 2 O 3 . Santos et al. [18] reported the synthesis of manganese oxide nanoparticles for ethyl acetate oxidation. Complete oxidation of ethyl acetate was achieved at temperature below 300 o C. However, few investigations have been conducted in the activity of a series of manganese oxides at different valence states in water treatment.
In the most of previous investigations in water treatment, MnO x was usually used for Fenton-like reaction for production of hydroxyl radicals from H 2 O 2 and oxidation of organic compounds. These catalysts will be an alternative for heterogeneous AOP. Several key parameters in the kinetic study such as phenol concentration, catalyst loading, PMS concentration and temperature were investigated. Regeneration of used catalysts was also investigated. 
Experimental methods

Preparation of Mn catalysts
Characterization of catalysts
Catalysts were characterized by X-ray diffraction (XRD), N 2 adsorption/desorption isotherm, scanning electron microscopy (SEM) and thermogravimetric analysis (TGA 
Kinetic study of phenol oxidation
The catalytic oxidation of phenol was carried out in a 1 L glass beaker containing 25-100 ppm of phenol solutions (500 mL), which was attached to a stand and dipped in a water bath with a temperature controller. The reaction mixture was stirred constantly at 400 rpm to maintain a homogenous solution. A fixed amount of peroxymonosulfate (using Oxone, Dupont's triple salt,
, Sigma-Aldrich) was added into the solution and allowed to dissolve completely before reaction. Further, a fixed amount of catalyst was added into the reactor to start the oxidation reaction of phenol. The reaction was carried on for 120 min and at a fixed time interval, 0.5 mL of solution sample was taken from the mixture using a syringe with a filter of 0.45 µm and then mixed with 0.5 mL methanol to quench the reaction. Concentration of phenol was analyzed using a HPLC with a UV detector at wavelength of 270 nm. The column used was C-18
with a mobile phase of 30% acetonitrile and 70% ultrapure water. For selected samples, total organic carbon (TOC) was obtained using a Shimadzu TOC-5000 CE analyzer. For the measurement of TOC, 5 mL solutions were extracted at a fixed interval and quenched with 5 mL of 3 M sodium nitrite solution and then analyzed on the TOC analyzer.
For recycled catalyst tests, two regeneration methods were used. One is simple washing treatment and the other is high-temperature calcination. In general, Mn oxides were collected by filtration after reaction, washing with water and drying at 80 ºC overnight for reuse test. Some dried samples were further calcined at 500 ºC in air for 1 h and then reused for test again.
Result and discussion
Characterization of manganese oxide catalysts
MnO 2 and MnCO 3 were studied by TGA under air and argon atmosphere, respectively ( [28, 29] .
[Insert Fig. 1 [Insert Fig. 3 ] respectively. For phenol degradation, increased catalyst loading would enhance the rate of activation of PMS to generate the active SRs, resulting in an increase in the rate of phenol removal.
3.3.Effects of reaction parameters on phenol degradation on Mn
[Insert Fig. 6 ] Fig. 7 illustrates the effect of PMS concentration on phenol oxidation. As expected, phenol degradation rate was increased when PMS concentration was increased from 0.8 to 2 g/L. However, further increase in PMS concentration would decrease phenol degradation efficiency, suggesting the optimal loading at 2 g/L. Some investigations have shown the similar observation in Co/PMS systems [32, 34] . It has been believed that extra HSO 5 -in solution can react with SO 4 - generating SO 5 - , which has lower reaction rate than SO 4 - , resulting in decreased phenol degradation.
[Insert Fig. 7] In addition, the temperature is also a key factor influencing catalyst activity on phenol degradation. [Insert Fig. 8 ]
In order to estimate the kinetic rates at varying temperatures, a general pseudo first order kinetics for phenol degradation was employed, as shown in equation below.
Where k obs (min -1 ) is the apparent first order rate constant of phenol removal, C is the concentration of phenol (ppm) at various time (t, min). C o is the initial phenol concentration (ppm). Data fitting (Fig. 8) showed that phenol degradation could be described by the first order kinetics. Kinetic constants are presented in Table 2 . As can be seen that kinetic rate of reaction would be increased with increasing temperature. Furthermore, the Arrhenius plot of rate constants with temperature for presents much lower activation energy than other catalysts and would be a promising material. Fig. 9] 3.4. Reactivity of spent α-Mn 2 O 3 catalyst and reusability Fig. 10 shows the catalytic activity of recycled α-Mn 2 O 3 for phenol degradation. As can be seen, the catalytic activity was significantly reduced in the second use if the catalyst was recovered by simple water washing, suggesting a deactivation of the catalyst. In the second use, phenol degradation was 27% at 120 min compared with 100% in the first use. However, after heat treatment at 500 o C for 1 hour, the activity of α-Mn 2 O 3 was fully recovered and complete degradation of phenol can be achieved at 120 min as the same as the first use.
Deactivation of α-Mn 2 O 3 could be attributed to intermediate deposition on the surface and chemical phase change [38] . XRD analysis showed that no phase change occurred after reaction. This suggests that the intermediate deposits on the catalyst surface plays important role for catalyst deactivation and they can be removed by heat treatment.
Conclusions
Different oxidation states of manganese oxide were synthesized and tested for catalytic oxidation of 
